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Barium strontium titanate (Bag3Sro7TiO3, BST) ceramics have been prepared by conventional sintering
(CS) and spark plasma sintering (SPS). The effects of phase constitution and microstructure on dielectric
properties, electrical breakdown process and energy storage properties of the BST ceramics were investi-
gated. The X-ray diffraction analysis and dielectric properties measurements showed that the cubic and
tetragonal phase coexisted in the SPS sample while the CS sample contained only tetragonal phase. Much

smaller grain size, lower porosity, fewer defects and dislocation were observed in SPS samples, which
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greatly improved the electrical breakdown strength of the Bag3Srp;TiO3 ceramics. The enhanced break-
down strength of the SPS samples resulted in an improved maximum electrical energy storage density of
1.13]/cm? which was twice as large as that of the CS sample (0.57 J/cm?). Meanwhile, the energy storage
efficiency was improved from 69.3% to 86.8% by using spark plasma sintering.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Electric energy storage materials have been receiving much
attention because they play a key role in efficient, clean and versa-
tile use of energy [1]. In particular, while conventional batteries and
solid oxide fuel cells offer higher energy density, capacitors possess
higher power density and much faster charge and discharge rates
[2]. This is essential for pulsed power applications and regenera-
tive braking system [3,4]. In order to meet the increasing need for
improving the mass- and volume-efficiency of energy storage com-
ponents, the energy density of capacitors must be increased [5]. At
least two approaches are utilized to address this issue. One is the
use of supercapacitors based on electrolytic solution and the other
is the use of solid state capacitors based on dielectrics [3,6]. Various
materials such as oxides, glass and polymers have been extensively
investigated to optimize them as candidates for high energy density
dielectrics [7-13]. Generally, the involved dielectrics are focused on
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linear dielectrics, ferroelectrics and antiferroelectrics. The energy
storage density J is described by [14]
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where ] is the energy storage density (J/m?3), E is the applied electric
field (V/m), g¢ is the permittivity of free space (8.854 x 10~12 F/m),
dP is the change in polarization induced in the dielectric by the
applied field and &,(E) is the electric-field-dependent permittiv-
ity (er(E)=¢&(E)/eg). For linear dielectrics, the permittivity is not
electric-field-dependent and the energy storage density can be
derived as

J = geosiE” @)

As can be seen from these equations, to store more energy in
a dielectric, a high permittivity (high &,) and a high breakdown
strength allowing the application of high E are required.

High energy storage density can be achieved in some linear
dielectrics, such as mica, glass, diamond-like carbon films and
several polymer films [2,9-13]. These materials exhibit high break-
down strength, but suffer from low dielectric constant. Ceramics,
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on the other hand, have high/giant dielectric constant, but are lim-
ited to relatively low breakdown strength [14,15]. Over years, a lot
of research has been focused on improving breakdown strength
of linear dielectric ceramics for high energy density storage. The
Ba;_xSrxTiO3 (BST) is one of the most popular materials because
of its excellent dielectric properties and the ability to engineer
different dielectric behavior by mixing with other components or
forming composite structure. Glass and/or oxides, such as Al,03
and MgO, have been adopted to refine the microstructure of BST
materials and thus increase the breakdown strength [16-18].

In the past decades, spark plasma sintering, which allows for
quick densification has been found to be a useful and efficient
method in tailoring the microstructure of ceramics [19-21]. The
advantages of SPS method, such as low sintering temperature, short
sintering time and microscopic electrical discharges between parti-
cles, make it suitable to control the grain size and grain boundary of
ceramics and to tailor the configuration and interface of composites
[22-24].

In this paper, barium strontium titanate ceramics were prepared
and the effects of phase constitution and microstructure on dielec-
tric properties, electrical breakdown process and electrical energy
storage properties of BST ceramics were investigated in detail.

2. Experimental procedure

Bag 3Srg;TiO3 powders were synthesized by the conventional
solid state reaction method. Stoichiometric mixtures of SrCOs3
(>99.95%, Aladdin), BaCO3 (>99.99%, Shanghai Chemical Reagent)
and TiO; (>99.99%, Shanghai Chemical Reagent) were ball milled
with zirconia balls in distilled water for 24 h and calcined at 1150°C
inair for 3 h. To prepare Bag 3Srg 7 TiO3 ceramics by the conventional
sintering method (CS), the calcined powders were mixed with a
poly(vinylalacohol) binder solution and uniaxially pressed into disk
samples with a diameter of 12.5 mm. After removal of the binder,
the green disks were sintered at 1400°C for 3h in an alumina
crucible, and were called CM samples. To prepare Bag3Srg;TiO3
ceramics by SPS, the calcined powders were placed in a graphite die
and sintered at 1000°C for 5 min under a vacuum of 6 Pa with an
SPS apparatus (SPS-1050, SPS Syntex Inc., Kanagawa, Japan). Dur-
ing the period of heating, a pressure of 30 MPa was applied to the
sample. The heating rate was 100 °C/min from room temperature to
900°C, 40°C/min from 900 °C to 980 °C, and 20 °C/min from 980°C
to 1000 °C. All the spark plasma sintered samples were polished and
thermally treated at 1000 °C for 2 h in air and were called SPS sam-
ples. Both the CS samples and the SPS samples were then polished
and coated on each major face with Au electrodes.

The crystalline phases of sintered samples were characterized
by X-ray diffraction (XRD, D/MAX 2550/PC, Rigaku, Tokyo, Japan)
using Cu K, radiation. The microstructures were observed from the
thermally etched surfaces with field emission scanning electron
microscopy (SEM, S-4800, Hitachi, Tokyo, Japan). The grain size of
the sintered samples was determined from the SEM micrographs
using the linear intercept method. The samples for transmission
electron microscopy were prepared via the ultrasonic cutting of
disks 3 mm in diameter and mechanical polishing to a thickness
of about 100 wm. The central portions of the disks were reduced
further to about 10 wm by mechanical dimpling (Model656, Gatan,
SanFrancisco, CA, USA) followed by final polishing. The final per-
foration of the BST sample was conducted via precision argon-ion
milling (Model691, Gatan, San Francisco, CA, USA), using an accel-
eration voltage of 4kV. The TEM images were obtained at 300 kV
by a transmission electron microscope (TEM, Tecnai F30G2, FEI,
Hillsboro, OR, USA).

The dielectric properties were evaluated with a broadband
dielectric spectrometer (Turnkey Concept 80, Novocontrol Tech-
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Fig. 1. (a) XRD patterns of Bag3Sro7TiO3 ceramics prepared by conventional sinter-
ing and spark plasma sintering. (b) Enlargement of diffraction peaks at (2, 0, 0) and
(2,1, 1) crystallographic plane.

nologies GmbH & Co. KG, Hundsangen, Germany) in a broad range
of temperature (140-400K) and frequency (100 Hz-1 MHz) with a
heating rate of 2 K/min. A ferroelectric test system (Premier II, Radi-
ant Tech. Inc., NM, USA) were used for P-E loops measurement. The
energy storage densities and efficiencies were calculated from the
P-E loops.

3. Results and discussion
3.1. Phase constitution and microstructure observation

Fig. 1 shows the XRD patterns of the CS sample and SPS sample.
All the diffraction peaks for both samples can be indexed. As shown
in Fig. 1(b), the split of diffraction peaks at high angles correspond-
ing to the tetragonal phase are only found in the CS sample. The XRD
analysis indicates that the CS sample consists of only the tetragonal
BST phase, while a high content of the cubic BST phase exists in the
SPS sample. The cubic BST phase in the SPS sample may present
linear dielectric properties, which is beneficial for the reduction of
remnant polarization and the improvement of the energy storage
efficiency.

SEM micrographs on the thermally etched surfaces and frac-
ture surfaces of the CS sample and SPS sample are shown in Fig. 2.
The CS sample exhibits inhomogeneous microstructures where
some pores can be discerned from the thermally etched surfaces.
In contrast, the SPS sample presents a uniform, fine and dense
microstructure where the average grain size is 880 nm. As shown in
Fig. 2(b) and (d), clear grain boundaries can be observed in the SPS
sample, whereas they are hard to distinguish in the CS sample. This
indicates different fracture mechanisms in these two samples: tran-
scrystalline fracture in the CS sample due to abnormal grain growth
and intergranular fracture in the SPS sample. Fig. 3(a) and (b) show
the TEM micrographs of the Bag 3Srg 7 TiO3ceramics prepared by the
conventional method and spark plasma sintering, respectively. It
can be observed that there are fewer dislocations and defects in the
SPS sample. Previous studies reported that a high concentration of
dislocations in ceramics may lead to the possibility of coalescence
and the formation of cracks under very strong electric fields [25].
Therefore, fewer dislocations in the SPS sample may contribute to
the enhanced breakdown strength.
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